The lamellar α2(Ti3Al) + γ(TiAl) microstructure of intermetallic Ti-46Al-8Ta (at.%) alloy is unstable and transforms to α2 + γ + τ type at temperatures ranging from 700 to 800
Introduction
Cast TiAl-based alloys represent an important class of high-temperature structural materials providing a unique set of physical and mechanical properties for the automotive engines, stationary gas turbines and aircraft engines. However, the formation of coarse-grained microstructures during solidification [1] and significant chemical inhomogeneities of the TiAl--based castings [2] deteriorate the already low ductility and poor damage tolerance at ambient temperature. Two main approaches are applied to refine coarse--grained structure of cast TiAl-based alloys: (i) alloying with minor additions, mainly with boron, which usually leads to the formation of long boride particles that can act as failure initiation sites [1, 3] , and (ii) formation of highly faulted massive γ M (TiAl) through a diffusionless transformation initiated by cooling at required rate from single α phase field [4, 5] . Hu et al. [6] showed that elements such as *Corresponding author: tel.: +421 2 49268290; fax: +421 2 49268312; e-mail address: ummslapi@savba.sk Nb and Ta had low diffusion coefficients in both α (Ti-based solid solution with hexagonal crystal structure) and γ(TiAl) phases, and favoured the massive transformation over the lamellar formation at low cooling rates. These elements partition between α and γ phases when forming the α + γ lamellar microstructure and this requirement for their diffusion slows down the lamellar transformation. Based on this concept, a new "airhardenable" Ti-46Al--8Ta (at.%) alloy requiring only air cooling from single α phase field to form massive γ M was designed [7, 8] within the European integrated project IMPRESS [9] . This alloy shows promising castability, mechanical properties, and relatively large processing window to achieve α 2 (Ti 3 Al) + γ(TiAl) microstructure during heat treatments [8] . According to a ternary Ti-Al-Ta phase diagram thermodynamically modelled by Witusiewicz and published by Jiang et al. [8] , two-phase α 2 + γ microstructure of the Ti--46Al-8Ta (at.%) alloy was predicted to be stable below 1050
• C. However, an experimental evidence of a new ternary τ phase was found by Lapin et al. [10, 11] in this alloy after ageing at 750
• C. Accordingly, the ternary Ti-Al-Ta phase diagram was recently re-evaluated taking into account occurrence of the τ phase [11] . According to the thermodynamic calculations, the microstructure of the Ti-46Al-8Ta (at.%) alloy is expected to transform to the equilibrium γ + τ type during long--term ageing below 870
• C. However, this calculated type of microstructure has not been proved experimentally yet. Hence, the study of long-term microstructural stability of this alloy at designed operating temperatures is of great practical interest.
The aim of the present work is to study the effect of long-term ageing on microstructural stability and microhardness of a cast Ti-46Al-8Ta (at.%) alloy at temperatures ranging from 700 to 800
• C. In addition, the effect of ageing for 10000 h on lattice parameters of coexisting phases is evaluated.
Experimental procedure
The studied Ti-46Al-8Ta (at.%) alloy was provided by ACCESS [12] in the form of centrifugally cast and heat treated cylindrical bars with a diameter of 13 mm and length of 120 mm. Heat treatments consisted of hot isostatic pressing (HIP) at an applied pressure of 200 MPa, temperature of 1260
• C for 4 h, which was followed by solution annealing at 1360
• C for 1 h and air cooling. The heat treatment was finalized by HIP ageing at an applied pressure of 150 MPa, temperature of 1260
• C for 2 h followed by cooling at a rate of 0.083
The as-received bars were cut to cylindrical samples with a diameter of 13 mm and thickness of 5 mm and isothermally aged in air. Long-term ageing experiments were performed at three temperatures of 700, 750 and 800
• C for various times ranging from 100 to 10000 h in air. After each ageing step Vickers microhardness measurements were performed at an applied load of 0.49 N on polished and slightly etched surfaces. The microstructure evaluation was performed by optical microscopy (OM), scanning electron microscopy (SEM), backscattered scanning electron microscopy (BSEM), X-ray diffraction (XRD) analysis, transmission electron microscopy (TEM) and energy-dispersive X-ray (EDX) spectroscopy. Samples for OM and SEM observations were prepared using standard metallographic techniques and etched in a solution of 150 ml H 2 O, 25 ml HNO 3 and 10 ml HF. TEM samples were mechanically thinned to a thickness of about 50 µm. The thinning continued in a solution of 300 ml CH 3 OH, 175 ml 2-butanol and 30 ml HClO 4 at a temperature of -10
• C and voltage of 40 V using TenuPol-5 apparatus until the sample perforation. TEM observations were performed on JEOL 500 microscope operating at 200 kV. XRD analysis was carried out using Bruker D8 DISCOVER diffractometer equipped with X-ray tube with rotating Cu anode operating at 12 kW. All measurements were performed in parallel beam geometry with parabolic Goebel mirror in the primary beam. Diffraction patterns were measured within an angular range 20
• -110
• of 2θ with an exposition time of 6 s and step size of 0.01
• . The obtained diffraction data were analysed quantitatively using program EVA 11.0. The further refinement of the patterns to identify the crystal lattice parameters of coexisting phases was performed using TOPAS 3.0. The instrumental line profile was determined from the measurements of polycrystalline texture of free corundum with sufficiently large crystallite size at the same angular range. Volume fractions of coexisting phases and size of lamellar colonies were determined from digitalized micrographs using a computer image analyser. Figure 1a shows the typical fine grain microstructure of the as-received Ti-46Al-8Ta (at.%) alloy. The microstructure consists mostly of plate-like α 2 phase (bright grey contrast) which forms small lamellar colonies within the γ phase, as seen in Fig. 1b . As shown by Saage et al. [7] , such "convoluted" type of microstructure is formed by precipitation of the α and/or α 2 phases on four equivalent {111} planes of the massively transformed γ M during the second HIP-ing at 1260
Results and discussion

Microstructure of as-received alloy
• C and cooling from two phase α + γ field. Figure 2a shows the typical TEM micrograph of the lamellar α 2 + γ colonies. Selected area diffraction (SAD) patterns from this region indicate the well known Blackburn crystallographic orientation relationship between the coexisting α 2 and γ phases in the form:
Besides the continuous α 2 and γ lamellae, some singlephase α 2 and γ grains are found in the microstructure, as seen in Fig. 2b . Two phase α 2 + γ microstructure of the as-received alloy is also confirmed by XRD analysis shown in Fig. 3 .
It should be noted that because of the convoluted microstructure of the studied alloy, the parameters usually used for microstructure quantification such as colony size, lath distance, etc. are difficult to assess. Therefore, the microstructure is characterized by volume fraction of coexisting phases and mean length of the α 2 laths measured from BSEM images such as that shown in Fig. 1b . For the as-received alloy with the α 2 + γ microstructure, mean length and average volume fraction of the α 2 laths are measured to be (8.5 ± 0.3) µm and (29.8 ± 1.3) vol.%, respectively. Figure 4 shows the typical microstructure of the studied alloy after long-term ageing at the temperatures ranging from 700 to 800
Effect of ageing on microstructure
• C. There are two main differences in the microstructure of the aged samples (Fig. 4 ) when compared to that of the as--received one (Fig. 1b) : (i) precipitation of white colour phase particles predominantly at the grain and lamellar colony boundaries and (ii) the dark colour grain at colony boundaries clearly visible on BSEM images. The white colour particles with slightly varied chemical composition of Ti-(36-40)Al-(12-15)Ta (at.%) were identified recently by Lapin et al. [10, 11] to be a ternary τ phase with B8 2 type crystal structure (space group P6 3 /mmc, Pearson symbol hP6) and Ni 2 In symmetry [11] . The τ phase is similar to a ternary hexagonal Ti 4 Al 3 Nb phase reported by Witusiewicz et al. [13] for Ti-46Al-8Nb (at.%) alloy but is different from a binary σ(Ta 2 Al) phase with tetragonal crystal structure resulting from a ternary Ti-Al-Ta phase diagram proposed by Kubaschewski [14] . The lattice parameters a and c of the τ phase measured by XRD technique were found to increase and aspect ratio c/a decreased with increasing ageing time at 750
• C [11] . Figure 5 shows TEM micrograph of the τ phase formed at lamellar colony boundary in a sample aged at 750
• C for 2000 h. The τ phase can be clearly identified from SAD patterns using the measured lattice parameters determined by Lapin et al. [11] , as illustrated by an insert of SAD pattern in Fig. 5 . Besides the τ phase, the particles of the α 2 phase and Al enriched γ phase are also identified using EDX analysis and SAD patterns from the grain and colony boundaries. XRD patterns shown in Fig. 3 clearly indicate that the α 2 + γ + τ type of microstructure is preserved at all three ageing temperatures after long-term ageing for 10000 h. Figure 6 shows dependence of volume fraction of the coexisting α 2 , γ and τ phases on the ageing time at three ageing temperatures. Increase of the ageing temperature and longer ageing time lead to an increase of the volume fractions V τ and V γ of the τ and γ phases, respectively, at the expense of a decrease of the volume fraction of the α 2 phase V α2 . However, the ageing time as long as 10000 h is still insufficiently long to transform the initial α 2 + γ microstructure to the γ + τ type that is to be expected from the calculated phase diagram at temperatures below 870
• C [11] . The long-term ageing up to 10000 h has no measurable effect on fine grain structure of the studied al-loy. A mean length of the α 2 laths within the lamellar colonies is measured to vary between (8.5 ± 0.3) µm and (9.2 ± 0.4) µm at all temperatures and ageing times.
3.3.
Effect of ageing temperature on lattice parameters of coexisting phases Figure 7 shows dependence of measured lattice parameters a and c of the γ, α 2 and τ phases on the ageing temperature for the samples aged for 10000 h. For the γ phase with an ordered L1 0 structure (space group P4/mmm), the lattice parameter a decreases and c increases after ageing at 700, 750 and 800
• C for 10000 h when compared with those for the as-received alloy. It should be noted that the lattice parameters of the as-received alloy are indicated at an ambient temperature in Fig. 7a . The ageing temperatures have no significant effect on the average values of a and c, which vary within the experimental error of the measurements. Since the microstructure of the studied alloy evolves from the massive γ M , the measurements of lattice parameters of the γ M phase have been also performed in the frame of this work on samples subjected to solution annealing at 1360
• C for 1 h and air cooling to room temperature. The quantitative analysis of X-ray diffraction data of such heat treated samples with the γ M microstructure results in a = (0.4033 ± 0.0004) nm, c = (0.4049 ± 0.0004) nm and aspect ratio of c/a = (1.0040 ± 0.0002). The change of both the lattice parameters of the γ M and γ phases during the precipitation of α/α 2 laths and subsequent long-term ageing (Fig. 7a) can be attributed to the redistribution of alloying elements, mainly to an increase of Al content in the γ phase [15] [16] [17] .
For the α 2 phase with an ordered DO 19 type structure (space group P6 3 /mmc), both the lattice parameters a and c increase after ageing for 10000 h when compared to those measured in the as-received samples at an ambient temperature, as seen in Fig. 7b . On the other hand, the applied ageing temperatures have no effect on the average values of a and c, which vary within the experimental error of the measurements.
In the case of the τ phase with an ordered B8 2 type structure (space group P6 3 /mmc), the lattice parameters a and c remain statistically the same after 10000 h ageing at the temperature range from 700 to 800
• C, as seen in Fig. 7c . It should be noted that both the lattice parameters of the τ phase increased with increasing ageing time up to 10000 h during ageing at 750
Effect of ageing time and temperature on
Vickers microhardness Figure 8 shows dependence of Vickers microhard- ness on the ageing time. At all three ageing temperatures, the Vickers microhardness first decreases with increasing ageing time reaching minimum values after the ageing for about 500 h and then increases to peak values after ageing for about 1500 h. The ageing time longer than 1500 h leads to softening of the alloy. The decrease of the Vickers microhardness at the early stages of ageing can be attributed to the recovery of an initial dislocation microstructure of the as-received material [18] and nucleation and early stages of growth of fine τ particles which is connected with a local depletion of elements contributing to the solid solution strengthening of the γ matrix. Further ageing is connected with the diffusion controlled growth of the α 2 and τ particles and redistribution of alloying elements within the γ matrix that lead to an increase of the microhardness. The softening process at the ageing times longer than about 1500 h can be attributed to a decrease of the volume fraction of the α 2 laths which is connected with a decrease of the contribution of the lamellar strengthening to overall measured microhardness. As shown by Lapin [19] , the microhardness values can be related directly to offset yield stress of TiAl--based alloys with lamellar microstructure. Hence, the Vickers microhardness data shown in Fig. 8 can be considered as an indicative evolution of offset yield stress with the ageing time and temperatures for the studied alloy.
Conclusions
The investigation of long-term microstructural stability of Ti-46Al-8Ta (at.%) alloy during ageing at temperatures ranging from 700 to 800
• C suggests the following conclusions:
1. The lamellar α 2 + γ microstructure of the studied alloy is unstable and transforms to α 2 + γ + τ type at all applied temperatures during long-term ageing up to 10000 h. Volume fraction of the τ and γ phases increases with increasing ageing time at the expense of decreasing volume fraction of the α 2 phase.
2. The lattice parameters of the α 2 and γ phases change during ageing when compared with those of the as-received alloy. The ageing temperatures have no measurable effect on the lattice parameters of the α 2 , γ and τ phases after ageing for 10000 h.
3. The Vickers microhardness decreases with increasing ageing time reaching the minimum values after the ageing for about 500 h and then increases to peak values after ageing for about 1500 h. The ageing time longer than 1500 h leads to continuous softening of the alloy.
